[1] In this paper, we discuss the solar origin and interplanetary consequences of the coronal mass ejection of March 29, 2001 that was responsible for the most intense geomagnetic storm (D ST $ À377 nT) of the current solar cycle to date. A comparison of the CME of March 29, 2001, with a set of geoeffective halo CMEs associated with X-class flares showed that the strength of the geomagnetic storm at the earth is well correlated with the speed of the halo. Our study shows that the fast ejection is responsible for building up the ram pressure at the earth's magnetosphere. This may serve as a useful tool in the forecasting of intense geomagnetic storms.
Introduction
[2] The central role played by CMEs as the drivers of enhanced interplanetary and geomagnetic activity is now fairly well accepted [Schwenn, 1986; Tsurutani et al., 1988; Gosling, 1993] . For establishing a physical relationship between the solar origin and the final geomagnetic effect, it is therefore required to monitor the CMEs right from the solar surface through the interplanetary medium till they reach the earth. More recently, with the launch of Solar and Heliospheric Observatory (SoHO), it has become possible to track a CME from the solar surface using Extreme Ultraviolet Telescope (EIT) images, generally in 19.5 nm [Delaboudiniére et al., 1995] to the outer corona in white light with the Large Angle Spectrometric Coronagraphs, LASCO-C2 and C3 [Brueckner et al., 1995] , which have a combined field of view ranging from 2 to 30 R . Another instrument called CELIAS (Charge, Element and Isotope Analysis System) aboard SoHO measures the solar wind parameters in situ at the L1 Lagrangian point where SoHO is located. In addition, space missions like ACE and WIND continuously monitor in situ, the plasma and magnetic field properties of the solar wind.
[3] In order to address the fundamental problem of prediction of geomagnetic storms, one needs to examine the halo CMEs, first observed by Howard et al. [1982] . The halo CMEs may be directed either towards or away from the earth and appear as expanding, circular brightenings surrounding the occulter of the coronagraph. LASCO coronagraphs, due to their improved sensitivity and larger fields of view, have recorded several such full and partial halo CMEs. However, not all the halo CMEs give rise to IP shocks and sheaths behind the shocks, that may be geo-effective. In this paper, we examine the CME of March 29, 2001 and the consequent geomagnetic storm of March 31, 2001 . We compare this with a few earlier CMEs associated with X-class flares with an aim to identify the exact conditions that led to the strongest geomagnetic storm (D ST $ À377 nT) of the present cycle.
Observations and Analysis

Solar Activity
[4] The CME of March 29, 2001 originated in NOAA AR 9393, and was associated with an X1.7 flare as recorded by GOES X-ray satellite, i.e. the flare had a maximum X-ray flux of 1.7 Â 10 À4 W/sq. m. The X-class has the highest X-ray flux range in the three level (X, M, C) scale of X-ray classification of flares. This flare lasted between 09:57 and 10:32 UT with peak emission at 10:15 UT. At Udaipur Solar Observatory (USO), a 1F flare was recorded in H a (Figure 1 ) using a 15 cm aperture Coudé telescope concurrent with the X1.7 flare in GOES which began at 09:55 UT. The flare was observed as thin ribbons of emission spread over a large area. A bright umbral flare was also observed in the main large sunspot (indicated by the arrow in Figure 1 ). The flare gradually decayed at 11:10 UT. It is worth mentioning that the flare in H a is not very intense. This implies that the H a intensity may not always prove to be a useful signature of strong flares associated with geo-effective CMEs. On the other hand, the presence of an umbral flare definitely indicates the involvement of very strong magnetic field regions in the flare process.
NOAA AR9393
[5] This active region is one of the largest groups of sunspots ever observed and the largest of the present cycle till date. The active region made its first appearance on March 20, 2001 on the east limb. It became a sizable group of more than 50 sunspots at the time of its maximum development, which occupied a total area of 2440 millionths of the solar disk, and a latitudinal extent of 19 heliographic degrees. The region was very complex with a betagamma-delta (BGD) and FKC configuration. According to various classification schemes of the sunspot groups, the BGD class is the one in which an active region has sunspots of mixed polarities and in particular the spots of opposite polarity lie within 2°. FKC class signifies the presence of a large asymmetric penumbra which has a characteristic size greater than 5°and within which bipolar magnetic polarities are embedded. These two classes of sunspots are known to have the potential of producing major flares. The CME of March 29, originated from a location where considerable enhancement of magnetic flux was observed. A large number of flares were reported on March 29 from this region including six C, seven M and one X class flares.
Coronal Mass Ejection of March 29, 2001
[6] LASCO recorded a full halo (angular span of 360°) CME on 29 March, 2001 ( Figure 2 ). The flare was observed in 19.5 nm (EIT) from 10:00 to 10:48 UT with the peak emission at around 10:14 UT. The CME appeared in LASCO-C2 at 10:26 UT as a bright narrow front over the NW limb. The C2 occulter was surrounded by emission at 10:50 UT except over the N pole where the emission was faint. The bright front first became visible in LASCO-C3 at 11:18 UT with emission all around the occulter at 11:42 UT. We estimated the expansion speeds of the halo CME in the sky-plane from LASCO-C2 and C3 images. It was found that the CME expanded with a high speed of the order of 1600 km s À1 and later decelerated. The speed decreased significantly to a low value of 750 km s À1 at about 25 R .
Interplanetary Consequences
[7] A strong interplanetary shock associated with the halo CME of March 29, 2001 arrived at SoHO at around 00:15 UT on March 31, 2001, as recorded by CELIAS. The local in situ shock speed was estimated from CELIAS data using Rankine-Hugoniot conservation relation given by,
where n and v denote the density and flow speed of the solar plasma and 1 and 2 represent the pre and post shock states [Hundhausen, 1972] . The local shock speed thus estimated was approximately 600 km s À1 . This value is much lower than the average propagation speed of the CME ($1100 km s
À1
) which indicates that the CME decelerated considerably as it propagated outwards. Such cases have been previously reported by various authors for e.g. [Gosling et al., 1968; Sheeley et al., 1985; Cane, 1983; Richter et al., 1985] . The near-earth data obtained from WIND spacecraft showed a southward turn of the B z component of the interplanetary magnetic field (IMF) vector which reached a value of À15 nT and the B T (or the total IMF) increased to 25 nT. This essentially fulfills the criteria of an intense geomagnetic activity as shown by Tsurutani et al. [1988] who found that near solar maximum, intense geomagnetic storms (D ST < À100 nT) were associated with interplanetary structures involving largeintensity (B T > 10 nT) and long duration (T > 3 hours) negative values of B z .
Related Geomagnetic Activity
[8] A major geomagnetic storm occurred 2 days later at 6:00 UT with D ST index dropping to $ À377 nT which remained negative for several hours. Correspondingly, K p index also increased from 6 to 9 on March 31. The transit time of this CME, from the Sun to the Earth was approximately 44 hours. Such fast CMEs are more frequent near the solar maximum phase. The estimated travel time is lower than the average transit time of 80 hours derived from statistical study of geo-effective events observed during 1996 -1997 [Brueckner et al., 1998 ], which were typical of the solar minimum period.
Discussion and Conclusions
[9] The CME of March 29, 2001 was the driver of the strongest geomagnetic storm in the current solar cycle. The CME originated from the super active region NOAA 9393, which appeared on the east limb on March 20 and gave rise to several major X-class flares, including the strongest X20 flare of the present cycle, on April 2, 2001, during its disk passage. The CME associated with the X20 flare failed to produce as intense a geomagnetic activity as that produced by the X1.7 flare of March 29, because it was directed only partially towards the earth. The AR had rotated towards the west limb by this time. This implies that the location of the CME of March 29, 2001 was more favourable when the NOAA AR 9393 was at N17W18. This is also in agreement with the results of [Gonzalez et al., 1996; Srivastava et al., 1997 Srivastava et al., , 1998 ]. They found that the solar sources of intense storms are located in low latitudes and near central meridian. An important question, which arises then, is whether all halo CMEs that originate from favourable locations and that produce an interplanetary disturbance with southward directed IMF, give rise to equally intense geomagnetic storms. If not, whether a basic measurable quantity can be identified which can be used to forecast the intensity of the resulting storm. To address this question, we examined a set of halo CMEs during 1997 -2000, which were all associated with X-class flares, originated in favourable location, produced southward directed IMF and finally resulted in intense storms of D ST < À100 nT.
[10] All these geo-effective CMEs originated in active regions and thus a comparison of the characteristic sizes and magnetic field strengths of the active-regions involved was made (Table 1) . It can be clearly seen that all the CMEs originated in d configuration, suggesting the presence of mixed polarities in the same active region with only one exception. The maximum field strengths of sunspots as reported by Mt. Wilson Observatory was found to be large and in the range 2100 -3000 G for all the active regions. The most striking and interesting fact is that the strongest storm of March 31, 2001 originated from very large sunspots which were approximately 8 times the average size of the sunspots of other active regions (obtained by averaging values from other events). This conspicuous factor is perhaps indicative of the fact that larger the area of the individual sunspot, the larger is the total magnetic energy that can be available, in principle for release and consequent driving of the CME. Further, from Table 2 , one can notice that 5 out of 6 events were associated with 2B/3B and X-class flares. However, flares with less intensity in X-rays can give rise to stronger storms as has been observed in the period of our study. Therefore, the flare intensity in optical or X-rays does not really indicate how intense the resulting geomagnetic activity would be. In fact, [Srivastava, 2001] has shown that intense storms (D ST < À100 nT) can be associated with even C and M class flares. However, the initial speed of the CME seems to be well correlated with the D ST strength of the related storm (Figure 3 ). This implies that the initial speed of the halos is an important parameter for predicting the geo-effectiveness of a CME.
[11] Let us now discuss the IP shocks produced by the CMEs. A sharp increase in speed and density across the shock leads to an increased ram pressure, which causes sudden compression of the earth's magnetosphere [Gonzalez et al., 1999] . This leads to a positive jump in D ST value thereby causing a storm sudden commencement or SSC. Therefore, the ram pressure which is proportional to nV 2 (where n is the proton density, and V the solar wind speed) is an important quantity to estimate the strength of the impact of the IP shock on the magnetosphere. We calculated the ram pressure at L1, for each of the geo-effective events and found that there is a good correlation between the D ST index and the ram pressure value. This suggests that the ram pressure is a good predictor of geomagnetic activity (Figure 4) . Also, it is a better indicator of geomagnetic strength than the local shock speed as seen from Table 2 .
[12] The following physical scenario emerges from the study: the faster the initial speed of the halo, the larger is the ram pressure of the resulting IP shock and stronger the geomagnetic disturbance, provided strong southward IMF fields are present. The intensity of the associated solar flare (be it in X-rays or in H a ) does not seem to be important for the strength of the resulting geomagnetic storm. The real question then is, what determines the initial speed of the CME. The size of the sunspot could be important for this, but more studies are necessary before one can answer the question satisfactorily. This answer will provide the final link between solar eruptive activity and geomagnetic storms and would bring us closer to a real physical understanding of space weather.
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